To study thermocapillary flows in a two-dimensional thin liquid layer with heat fluxes imposed on the free surface experimentally, a long tray configuration was employed to simulate the infinite layer. The surface temperature distribution due to thermocapillary convection for different flow regimes was measured and compared with theoretical predictions. A short tray configuration was also employed to study the end wall effects (insulating or conducting). The results show that for a strong convective flow with an insulating wall as the boundary, the surface temperature distribution became quite uniform. Consequently, the thermocapillary driving force was greatly reduced. On the other hand, a strong fluid motion always existed adjacent to the conducting wall because of the large surface temperature gradient near the wall.
I. INTRODUCTION
THE space environment can be very beneficial for material processing as both the gravitational body forces and the buoyancy convection are greatly reduced, as are the sedimentation caused by such forces, and turbulences generated by such convection. Among the various applications in material processing, float-zone crystal growth offers not only a promising technique in the practical sense but also a challenging opportunity in understanding the thermocapillary flow phenomena.
There are basically two configurations considered in the past studies. One is that with fixed end temperatures, the other, with imposed heat flux. Most of the studies have dealt with the former. For the imposed-heat-flux configuration, there still exist certain basic and important phenomena to be understood before further studies can be properly pursued. The surface temperature distribution of the thin liquid layer as a result of the coupling between the imposed heat flux and the thermocapillary convection in a twodimensional thin liquid layer is the one of particular interest to us. For a finite container, which is more realistic than the infinite layer, the end wall effects (insulating or conducting) on the flow structure are important. The present study is aimed at understanding the above-mentioned flow phenomena experimentally.
Based on the analysis done by Lai and Chai, f~l a long tray with 50 cm in length and 9.5 cm in width filled with silicone oil with 0.5 cm to 1.0 cm in depth was used to simulate a two-dimensional, infinite thin layer. Heat fluxes were generated by a heating element extending above the center of the container in the width direction. Flow patterns induced by the imposed heat fluxes through the thermocapillary effect should be symmetric and perpendicular to the heating element. The silicone oil, the layer depth, and the distance between the heating element and the liquid surface CHUN-LIANG LAI, formerly with NASA Lewis Research Center, is with the National Taiwan University, Taipei, Taiwan. PAUL S. GREEN-BERG, Engineer, and AN-TI CHAI, Physicist, are with NASA Lewis Research Center, Cleveland, OH 44135. This paper is based on a presentation made in the symposium "Experimental Methods for Microgravity Materials Science Research" presented at the 1988 TMS-AIME Annual Meeting in Phoenix, Arizona, January [25] [26] [27] [28] [29] 1988 , under the auspices of the ASM/MSD Thermodynamic Data Committee and the Material Processing Committee.
were varied to cover a certain flow range with A 2 Ma between 102 and 104, where A = D/L, with D denoting the layer depth and L, the reference length scale in the flow direction, is the aspect ratio and Ma, the Marangoni number. The surface temperature distribution was then measured and compared with the theoretical predictions.ill
In order to study the end wall effects, a short tray (10 and 12 cm in length) was employed. Copper was used for the conducting wall; plexiglass, for the insulating wall. For ease of comparison of the flow structures with and without end wall effects, the heating element was purposefully installed not at the midplane of the tray parallel to the minor axis. The heating element extended above the tray was placed 2 cm from the conducting (or the insulating) wall. The long side (with respect to the heating element) of the tray behaves like a two-dimensional layer without end wall effects. The short side (with respect to the heating element), on the other hand, would demonstrate the end wall effects clearly. Procedures for conducting the experiment were similar to those with a long tray configuration. Flow structures were observed and recorded. The results are discussed in Section V.
II. MOTIVATIONS

A. Two-Dimensional, Infinite Layer Experiment
In studying thermocapillary flows, accurate information on surface temperature distribution is of great importance since it determines the driving force. In a thin liquid layer with a nonuniform heat flux imposed on the free surface the surface temperature distribution is a result of the coupling of the thermocapillary convection and the imposed heat flux. In a previous publication, t~J the authors analyzed the coupling effects, made estimates on the characteristic length and temperature scales by nondimensional analysis, and numerically calculated these characteristic quantities. Their analysis predicted that where AT0 and L are the characteristic temperature and length scales in the flow direction when convection is important. ATR and Lk, on the other hand, are the reference scales obtained from the conduction-dominant situation. A and Ma are the aspect ratio and Marangoni number based on the A TR and L R. The present study intends to confirm experimentally these theoretical predictions.
B. Finite Layer Experiment
In a real situation, the liquid layer is always confined in a finite container. The wall effect on the flow structure then becomes important. With an insulating wall, the surface temperature distribution should be quite uniform and the thermocapillary driving force, therefore, is greatly reduced, when convection becomes important. On the other hand, when a conducting wall is employed and maintained at the ambient temperature, a sharp surface temperature variation exists. As a result, a strong cellular fluid motion should result near the conducting wall.
III. EXPERIMENTAL APPARATUS
A. Long-Tray Experiment
The thin liquid layer is contained in a shallow tray of dimensions 9.5 by 50 by 1.2 cm. The lateral dimensions were chosen to be sufficiently large so that temperature gradients present at the sidewalls were well outside of the region of interest. The sidewalls are fabricated from acrylic plastic to permit optical access for flow visualization. The bottom of the tray is made of copper of 5 mm thickness. In order to impose the fixed temperature boundary condition on the lower surface of the tray, the copper bottom is held in contact with a recirculating water bath whose temperature is controlled to an accuracy of ---0.05 ~ The imposed heat flux is supplied by a 0.063 in. diameter INCONEL* *INCONEL is a trademark of the INCO family of companies. wire heater which is suspended above the midplane of the tray, parallel with the minor axis. A thermocouple is affixed to the surface of the heating wire to provide the temperature data necessary to determine the heat flux distribution. All thermocouples are referenced to an electronic ice point bath, and read with a high impedance microvoltmeter. The surface temperature distribution of the liquid layer is measured using a single thermocouple with a tip diameter of 75/xm. This dimension was chosen to be smaller than the minimum thermal boundary layer thickness as calculated. The fluid surface is scanned with a single thermocouple in order to avoid the interdevice variations present with multiple thermocouples. The scan is implemented with a programmable micropositioner having a positioning accuracy of ---1 pm.
The resulting flow structure is observed by illuminating a plane of interest within the flow field with a thin sheet of laser light. The flow is seeded with 3/zm aluminum oxide particles at a density of 300/xg per liter. Light scattered by the particles is recorded photographically. A pair of cylindrical lenses with focal lengths in the ratio of 1 : 25 are used to expand the output beam of a 6 mw HeNe laser, providing a light sheet of dimensions 0.7 by 18 mm (l/e2). Exposure times are controlled by an electromechanical shutter located at the common focal plane of the cylindrical lens pair.
The schematic diagram of the experimental set-up is shown in Figure 1 .
B. Short-Tray Experiment
In order to study the wall effects (conducting or insulating) on the flow structure, a short tray with dimensions 9.5 by 10 (or 12) by 1.2 cm was employed. Copper was used for the conducting wall; plexiglass for the insulating wall. For ease of comparison of the flow structures with and without wall effects, the heating element was intentionally placed closer to one of the end walls. The heating element extended above the tray in the minor axis direction was placed 2 cm from the conducting (or insulating) wall. The long side of the tray behaves like a two-dimensional layer with no significant end wall effects. The short side, on the other hand, will display end wall effects. All the other apparatus are the same as those used in the long-tray experiment.
IV. EXPERIMENTAL PROCEDURE
As indicated in a previous paper, tll the salient parameter describing the thermocapillary flow phenomenon in a twodimensional thin liquid layer is (A 2 Ma). In the present study, the value of (A 2 Ma) varies over the range of 102 to 10 4. In Fig. 1 -Thermocapillary flow experiment.
